The growth factors neurotrophin 4 (NT4) and brain-derived neurotrophic factor (BDNF) are expressed in the developing skin, activate the trkB tyrosine kinase receptor, and influence the development and survival of specific types of sensory afferents. Whether each factor is capable of regulating the same or overlapping populations of cutaneous afferents during development is unknown. A previous study of mice overexpressing BDNF in the developing skin (BDNF-OE mice) revealed that these animals exhibited increased hair follicle innervation, Meissner corpuscle size, and Merkel cell number in glabrous skin, although no change in the total number of sensory neurons was observed. To determine if NT4 affects cutaneous innervation in a manner similar to BDNF, transgenic mice overexpressing NT4 in skin, under the control of the keratin 14 gene promoter, were examined. Similar to BDNF-OE mice, NT4-OE mice had increased innervation to the skin but no increase in sensory neuron number in either the dorsal root ganglion or trigeminal ganglion. NT4 overexpression also enhanced hair follicle innervation and the size and density of innervation to Meissner corpuscles. Unlike BDNF overexpression, NT4 overexpression did not alter the number of Merkel cells in the glabrous skin, but it did enhance the number of myelinated axons in nerves projecting to skin. Thus, the same pattern of BDNF and NT4 overexpression within the skin produces phenotypes that are both similar and distinctive. J. Comp. Neurol. 498: 455-465, 2006. © 2006 Wiley-Liss, Inc.
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Neuronal target tissues such as the skin produce several neurotrophic growth factors that regulate neuron survival, differentiation, and sensory end-organ development. Two of these growth factors, brain-derived neurotrophic factor (BDNF) and neurotrophin-4 (NT4), bind and activate the tyrosine kinase receptor trkB and the p75 neurotrophin receptor (p75 NTR ). Although BDNF and NT4 signal through the same receptor, mutant mice lacking BDNF or NT4 exhibit some differences in phenotype. For example, the absence of BDNF during development results in a 21-44% reduction in trigeminal and 30 -36% loss in dorsal root ganglion neurons (DRG), while no neurons are lost from the DRG or trigeminal ganglion in NT4 knockout mice (Jones et al., 1994; Conover et al., 1995; Liu et al., 1995; Liebl et al., 1997) . However, NT4, not BDNF, is important for the development of a specific subpopulation of D-hair afferents . The observed differences in BDNF and NT4-deficient mice could be due to dissimilar in vivo expression patterns or differences in the biological activities of BDNF and NT4 downstream of receptor binding. In NT4 knockin mutants in which the BDNF coding sequence is replaced with the NT4 sequence, placodally derived sensory neurons are completely rescued (Fan et al., 2000) , suggesting that NT4 and BDNF function in similar manners. However, NT4 knockin mutants also display a number of abnormalities, including skin lesions. This suggests that BDNF and NT4 have unique functional properties with specific regard to sensory innervation of skin.
Transgenic mice overexpressing cDNAs encoding either NGF, NT3, or BDNF in the skin under control of the keratin 14 gene promoter have been particularly useful for examining the role of neurotrophins in the regulation of skin-innervation and sensory end-organ development (Albers et al., 1994 (Albers et al., , 1996 Davis et al., 1997; Rice et al., 1998; LeMaster et al., 1999; Krimm et al., 2004) . In mice overexpressing NGF the total number of trigeminal neurons was doubled, the skin was hyperinnervated by unmyelinated fibers, and trkA-positive nociceptors were enhanced in number and displayed increased sensitivity (Albers et al., 1994; Davis et al., 1997; Stucky et al., 1999) . Mice overexpressing NT3 in the skin had 65% more trigeminal neurons, a doubling of trkC-positive neurons, and larger touch dome mechanoreceptors that contained more Merkel cells upon which NT3-dependent slowly adapting type I neurons terminated (Albers et al., 1996; Krimm et al., 2000 Krimm et al., , 2004 . Therefore, expression of NGF or NT3 in the skin regulates sensory neuron survival and each neurotrophin influences a distinct subpopulation of trigeminal and DRG afferents.
The effects of BDNF on cutaneous afferents have also been investigated using mice that overexpress BDNF in the skin. BDNF-OE mice exhibited hyperinnervation of hair follicles, enlarged Meissner corpuscles, and increased numbers of Merkel cells in glabrous skin, but they did not exhibit a change in the total number of trigeminal or DRG neurons (LeMaster et al., 1999) . Thus, unlike NGF and NT3, overexpression of BDNF in the skin promoted innervation and enhanced cutaneous end-organs without influencing sensory neuron number. Whether NT4 acts similarly to BDNF was the focus of the present investigation. To compare the function of NT4 in skin with that of BDNF, transgenic mice overexpressing NT4 under the control of the keratin 14 promoter were examined. The results indicate that NT4 affected cutaneous afferents similarly to BDNF, although some unique changes in innervation were identified. Thus, the same pattern of BDNF and NT4 overexpression in the skin can produce distinct phenotypes, suggesting that BDNF and NT4 function in both similar and independent manners.
MATERIALS AND METHODS Animals
Adult (3-4 months of age) transgenic mice overexpressing NT4 in the basal cells of the epidermis and littermate wild type mice were examined. NT4 cDNA expression was driven by 2.3 Kb of the human keratin-14 promoter (Albers et al., 1994; Krimm et al., 2001) . The K14-NT4 transgene was microinjected into fertilized embryos derived from C57Bl6J/C3H F1 hybrid females (Harlan, Indianapolis, IN) . Of the two founder lines generated (86 and 516), 516 was chosen for further analysis based on its higher level of transgene expression. Genotypes were determined using transgene-specific PCR primers and/or slot blot hybridization using a 32 P-labeled probe to the K14-NT4 transgene. The colony was maintained by breeding transgenic mice to wild type mice of the same background such that comparisons were always made between NT4-OE mice and wild type littermates. Animals were cared for and used in accordance with the U. 
Two-site enzyme-linked immunosorbant assay of NT4 protein
Enzyme-linked immunosorbent assays (ELISAs) were performed using the NT4 E max Immunoassay kit (G4890, Promega, Madison, WI) according to the manufacturer's instructions. The anti-NT4 antibody used was a polyclonal rabbit antibody made against the entire recombinant human NT4 sequence. The antibody has not been tested on a Western blot; however, it was determined to have minimal crossreactivity to related neurotrophic factors on dot blots and on ELISA standard curves (see http://www.promega.com/ nnotes/nn102/102_10.pdf for details). Mice were euthanized by anesthetic overdose and a shaved piece of flank skin ϳ1 cm 2 was removed, weighed, and frozen on dry ice. Skin was homogenized in sample buffer (0.1 M phosphate-buffer (PB), 0.4 M NaCl, 0.1% Triton X-100, 2 mM EDTA, 0.1 mM benzethonium chloride, 2 mM benzamidine, 0.1 mM PMSF, 20 L/mL aprotinin, 0.5% BSA, pH 7.4) using a polytron homogenizer. Samples were centrifuged at 13,000 rpm for 15 minutes at 4°C and aliquots of the collected supernatant assayed.
Histology and immunohistochemistry
NT4-OE and wild type littermates were deeply anesthetized with 2.5% avertin diluted in 0.9% saline and perfused with 4% paraformaldehyde in 0.1 M PB. For hematoxylin and eosin (H&E) staining, the skin was postfixed in 4% paraformaldehyde and 70% ethanol, embedded in paraffin, sectioned, and stained. For immunohistochemical labeling of neural fibers, mice were perfused with 4% paraformaldehyde and tissues were embedded in 10% gelatin that was postfixed overnight in 4% paraformaldehyde. Gelatin-embedded tissue was infiltrated with 30% sucrose in PBS, frozen, and sectioned at 40 m on a sliding microtome. Tissue sections were washed in PBS, blocked for 1 hour at room temperature in 5% normal goat serum (NGS), 2% bovine serum albumin (BSA), and 0.25% Triton X-100. Sections were then incubated overnight in either anti-neurofilament 150 (rabbit polyclonal, used 1:1,000; antigen: highly purified bovine neurofilament polypeptide, Cat. no. AB1981, Chemicon, Temecula, CA; antibody shows a prominent 150-kDa band, and a few bands at or below 48 kDa on a Western blot) or anti-PGP9.5 (rabbit polyclonal,1:5,000; antigen: human PGP9.5 protein purified from pathogen-free human brain, RA95101, Ultraclone, Isle of Wight, UK; antibody shows one band at 26 -28 kDa on Western blot), diluted in 5% NGS and 0.25% Triton X-100 made in PBS. Sections were then washed, incubated with 1:500 dilution of goat antirabbit biotinylated antibody (Vector Laboratories, Burlingame, CA) for 1 hour, rewashed, and treated with antiThe Journal of Comparative Neurology. DOI 10.1002/cne endogenous peroxidase solution containing 2.5% H 2 0 2 and 5% methanol. For antibody detection, tissues were incubated in an avidin-biotin-complex mix (ABC, Vectastain Elite; Vector Laboratories) for 1 hour, washed, incubated in nickel enhanced-0.04% diaminobenzene solution, mounted onto slides, and counterstained with methylgreen. Labeling with both anti-neurofilament 150 and anti-PGP9.5 resulted in a similar distribution and morphology of labeled neuronal fibers as reported previously (Albers et al., 1994 (Albers et al., , 1996 LeMaster et al., 1999) . To label Merkel cells of glabrous skin, skin containing all five footpads was removed, embedded in OCT compound on dry ice, and then sectioned on a cryostat at 20 m thickness. Sections were then mounted on slides, fixed in Ϫ20°C acetone for 10 minutes, air-dried, washed in PBS, and incubated with anti-cytokeratin #20 (mouse monoclonal, 1:20; immunogen: electrophoretically purified human keratin 20 from intestinal mucosa, Cat. no. M7019, DakoCytomation, Carpinteria, CA; there is no Western blot data available for this antibody-it was specifically designed as an immunohistochemical marker for Merkel cells and Merkel cell tumors) and anti-neurofilament 150 overnight at room temperature. Sections were washed and incubated in goat antirabbit Cy2 and goat antimouse Cy3 (Jackson Laboratory, Bar Harbor, ME) for 1.5-2 hours, washed, and coverslipped with DPX mounting media (DBH Laboratory Supplies, Poole, UK). Merkel cells were counted in serial sections of the entire footpad region. Anti-cytokeratin 20 is a well-established marker for Merkel cells (Botchkarev et al., 1999; Moll et al., 1995) . We observed a similar cellular distribution as previous studies that used anti-cytokeratin 20 (Krimm et al., 2004; LeMaster et al., 1999 ) as a Merkel cell marker. The distribution was also similar to earlier studies that used other Merkel cell markers (Harada et al., 2000; Kinkelin et al., 1999; Szeder et al., 2003) .
Neuron cell counts
The number of neurons in adult L4/L5 DRG and trigeminal ganglia was determined using methods described by Coggeshall et al. (1990) . Ganglia were serially cut into 5 m-thick sections, Nissl stained, and every tenth section examined at 400ϫ magnification to identify neurons with a nucleolus. We estimated total neuron number by adding all the nucleoli counted across sections and multiplying by 10. To compensate for neurons with two or more nucleoli or split nucleoli, ϳ100 nuclei/ganglion were serially reconstructed and the number of nucleoli per neuron nucleus was determined. Neurons were reconstructed from serial sections near the middle of the ganglion and all cells with nuclei in selected sections were reconstructed. This correction factor was multiplied by the total neurons counted to obtain the total number of neurons per ganglion.
Electron microscopy
Mice were deeply anesthetized and perfused with 0.1 M PBS followed by 4% paraformaldehyde made in PB. Saphenous nerve segments were removed from the midthigh level, postfixed for 2 hours in 2% glutaraldehyde and 4% paraformaldehyde, washed in PB, dehydrated in alcohols, embedded in Spurr's resin, and cut to 0.7-0.8 nm thickness on an ultramicrotome. Ultrathin sections were stained and photographed to create montages of the entire nerve cross section from which the number of myelinated and unmyelinated nerve fibers was determined. Diameters of myelinated fibers were measured using NIH image software. Areas of 200 myelinated fibers randomly selected from each nerve sample (n ϭ 3/genotype) were determined.
In situ mRNA hybridization
In situ hybridization to detect trk and p75 receptor mRNA using 35 S-labeled probes was carried out as described previously (Albers et al., 1994) . Sense and antisense RNA riboprobes were generated to cDNA sequences encoding the rat trkA, trkB, and trkC receptors (Kitzman et al., 1998; LeMaster et al., 1999) . DRG and trigeminal ganglia were frozen on dry ice, cut into 15-m sections, and thaw-mounted onto Superfrostslides.
Sections were brought to room temperature, immersionfixed for 15 minutes in 4% paraformaldehyde in PBS, then washed in PBS, PBS with 0.2% glycine, and 0.25% acetic anhydride in 0.1 M TEA, pH 8.0. Sections were dehydrated, air-dried, and incubated with probe hybridization solution (Amresco, Solon, OH) containing 1 ϫ 10 6 cpm/50 L. A glass coverslip was placed over the probe and secured to the slide by applying mounting media on the edges of the coverglass. Slides were incubated overnight at 60°C, dipped in NTB2 photographic emulsion, exposed 1-2 weeks, developed, and counterstained with H&E. Sense transcript controls processed in parallel showed no specific hybridization. The number of labeled and unlabeled neuron profiles was quantified in three different sections containing the combined L4/L5 DRG or in two sections containing trigeminal ganglion. The area of each profile was measured and the diameters were calculated from area measurements. The number of neurons in each section was determined by multiplying the number of profiles by an Abercrombie correction factor, which was the section thickness divided by the section thickness plus the mean neuron diameter. The percent of labeled neurons per section was determined from these corrected values and averaged across sections. The mean percent labeled neuron profiles and the average diameters for each trk receptor and p75 are shown in Table 4 (n ϭ 4).
RESULTS

K14-NT4 transgenic mice express increased levels of NT4 peptide in the skin
NT4 expression was driven by the human keratin K14 promoter to direct high levels of transgene expression to the skin and tongue epithelium (Vassar and Fuchs, 1991; Albers et al., 1994; Wang et al., 1997) . Promoter activity in whisker pad skin begins at approximately embryonic day (E)11.5 of mouse development (Figueiredo et al., 2001) , which precedes peak periods of developmental cell death in the DRG and trigeminal sensory ganglia. The transgene is constitutively expressed in basal keratinocytes into adulthood. To verify translation of the transgene mRNA, NT4 peptide was measured in dorsal skin of two transgenic lines using an NT4-specific ELISA. As shown in Table 1 , NT4 peptide levels increased 1.8-fold in line 87 (P Ͻ 0.05) and 2.3-fold in line 516 (P Ͻ 0.05). Because line 516 exhibited the greatest increase in NT4 protein, subsequent analyses were limited to this line.
NT4 overexpression increases innervation to the skin and enhances sensory end-organ development
To determine whether NT4 overexpression affected skin innervation, we analyzed adult whisker pad, flank, and footpad skin. Immunohistochemical labeling with anti-PGP9.5 showed increased innervation in whisker pad skin of NT4-OE mice compared with their wild type counterparts (Fig. 1A,B) . Innervation was particularly robust in fibers surrounding hair follicles, an enhancement also evident in flank skin (Fig. 1C,D) . These endings may be of the D-hair variety, whose survival and function have been shown to be regulated by NT4 . This enhancement is similar to that observed in mice overexpressing BDNF in skin (BDNF-OE) (LeMaster et al., 1999) . Neural innervation to the whisker pad appeared retracted from the skin's surface in BDNF-OE mice during postnatal development. In contrast, retraction of nerve fibers from the NT-4-OE epithelium was not apparent (Fig. 1A,B) .
Innervation was also examined in nonhairy, glabrous skin of the front footpad (Fig. 1E,F) . Immunohistochemical labeling with anti-neurofilament antibody revealed a significant increase in the extent of myelinated innervation to dermal papillae of the footpad. An encapsulated sensory receptor end-organ located in these papillae is the Meissner corpuscle. These endings have a distinctive lamellar structure and can be identified in H&E-stained tissue sections of the foot. Using both H&E staining and anti-PGP9.5 immunohistochemical labeling, Meissner corpuscles in the footpads were found to be increased in size in NT4-OE mice (Fig. 2B,D,F ) when compared to those in wild type mice ( Fig. 2A,C,E) . Some Meissner corpuscles in NT4-OE mice were exceptionally large and contained lamellar cells that appeared disorganized (Fig.  2C-F) . These enhancements were also exhibited by BDNF-OE mice (LeMaster et al., 1999) , suggesting that a common signaling mechanism underlies NT4 and BDNF modification of Meissner ending size.
Previous analysis of glabrous skin in BDNF-OE mice revealed an increase in the number of Merkel cells relative to the number in wild type mice (LeMaster et al., 1999) . To determine if NT4 overexpression had a similar effect on glabrous Merkel cells, their number and innervation was assessed in NT4-OE and wild type footpad skin. Glabrous Merkel cell neurite complexes in NT4-OE mice were organized into both small (Fig. 3A,B) and large (Fig. 3C,D) clusters in the footpads of both wild type (Fig. 3A,C) and NT4-OE (Fig. 3B,D) animals. There was no statistically significant difference in the number of Merkel cells between NT4-OE mice and wild type mice (882 Ϯ 16 vs. 897 Ϯ 18; P Յ 0.57). Therefore, unlike BDNF, NT4 overexpression does not enhance the number of glabrous Merkel cells.
NT4 overexpression increases the number of myelinated afferents but not the number of neurons
To determine whether the increased innervation observed in NT4-OE skin correlated with an increase in afferent projections to the skin, the number of fibers in the saphenous nerve, which is purely cutaneous, was counted (Fig. 4) . In NT4-OE mice the number of myelinated fibers increased by 36%, while the number of unmyelinated fibers was unchanged (Table 2) . Frequency histogram plots of the diameter of 150 myelinated axons in transgenic and wild type nerves revealed that transgenic afferents were also enlarged (Fig. 4C) . Interestingly, although axon number was increased, the number of trigeminal and L4/L5 DRG neurons in NT4-OE mice were unchanged (Table 3 ). In comparison, as shown in Table 3 , the number of neurons in the geniculate ganglion, a neuronal population known to be highly dependent on NT4 during development (Liu et al., 1995) , was increased by 262% (Krimm et al., 2001 ). Thus, NT4 overexpression increases survival of specific types of sensory neurons.
How increased levels of NT4 in the skin enhanced the number of myelinated axons in the saphenous nerve without increasing the number of lumbar DRG neurons is unclear. One possible explanation is that increased levels of NT4 altered differentiation of developing DRG neurons and caused proprioceptive neurons projecting to muscle to switch fate to cutaneous afferents that project to skin. To test this hypothesis, we quantified the number of myelinated axons in two nerves that provide sensory innervation to muscle, the common peroneal and lateral gastrocnemius nerves. Myelinated fibers in the common peroneal nerve of NT4-OE mice were slightly increased relative to wild type mice (957 Ϯ 58 vs. 735 Ϯ 32; P Ͻ 0.04). No change in axon number was detected in the lateral gastrocnemius nerve of NT4-OE mice compared to wild type (170 Ϯ 8 vs. 211 Ϯ 39; P Ͻ 0.4). Therefore, these data do not support the notion that NT4 overexpression causes muscle proprioceptors to differentiate into skininnervating mechanoreceptors.
NT4-OE leads to trkB receptor upregulation in the trigeminal and dorsal root ganglion
Neurotrophin signaling is mediated by receptor tyrosine kinases in a preferential manner such that trkA binds NGF, trkC binds NT3, and trkB binds BDNF and NT4. Previous analysis of BDNF-OE mice revealed a 60% increase in neurons expressing the trkB receptor (LeMaster et al., 1999) . Because neuron number was unchanged in these mice, the increase in trkB neurons was hypothesized to reflect an upregulation of trkB in neurons that are normally trkB-negative or express nondetectable levels of trkB. To determine whether NT4 overexpression may similarly influence trkB expression, in situ hybridization was employed to quantify the proportion of DRG neuron profiles expressing full-length trkB receptor mRNA (Fig. 5) . NT4-OE mice exhibited a 20% increase in trkB-positive neurons in the DRG (P Ͻ 0.04, Table 4 ) and a 49% increase in the trigeminal ganglion (P Ͻ 0.01; Table 4 ). Because the number of neurons did not increase in NT4-OE mice (Table 3) , this increase in trkB is likely due to trkB upregulation, similar to BDNF-OE mice. TrkB-expressing neurons were also larger in NT4-OE mice than in wild type mice (P Ͻ 0.006; Table 4 ). NT4-OE did not increase the size NT4 protein levels were measured in dorsal skin using an ELISA (nanograms per grams wet weight). Levels of NT4 were significantly increased in the dorsal skin of both line 516 (n ϭ 5) and line 87 (n ϭ 3). Statistical significance was determined using a t-test; values are mean Ϯ SEM. Asterisk indicates significance (P Ͻ 0.05).
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of TrkC expressing neurons, although the mean diameter of trkB-and trkC-expressing neurons was larger than the mean diameter of unlabeled neurons in the same ganglion (P Ͻ 0.0002; P Ͻ 0.001). Especially interesting was the finding that overexpression of NT4 caused a decrease in the proportion of trkC-expressing neurons, suggesting that trkC-expressing neurons were converted to a trkB-expressing fate in NT4-OE mice. Overexpression of NT4 was not associated with any change in trkA-expressing neurons in the trigeminal ganglion. Fig. 1 . Neural innervation of skin is enhanced in NT4-OE transgenic mice. Whisker pad (A,B), flank (C,D), and footpad (E,F) skin in wild type (A,C,E) and NT4-OE (B,D,F) mice was labeled using an antibody to PGP9.5. Hyperinnervation was evident around hair follicles in NT4-OE mice (B) compared with wild type mice (A). Arrows in A and B point to epidermal endings. Hair follicle innervation was also increased in flank skin of NT4-OE mice (D) compared with wild type mice (C). Antineurofilament labeling reveals an increased innervation of dermal papillae in the footpad of NT4-OE (F) mice compared with wild type mice (E). The brightness and contrast of all images were optimized to clarify the extent of innervation. Scale bars ϭ 50 m in A (applies to A,B); 50 m in C (applies to C,D); 100 m in E (applies to E,F). 
DISCUSSION
Previous studies of transgenic mice overexpressing BDNF in the skin demonstrated that BDNF is capable of enhancing the density of peripheral innervation and specific sensory receptors without increasing the number of neurons in the DRG or trigeminal ganglion (LeMaster et al., 1999) . Because BDNF and NT4 both bind the trkB and p75 receptors, we investigated whether skin-derived NT4 functions similarly to BDNF by comparing the effects of NT4 overexpression in skin with previously reported effects of BDNF overexpression (Table 5 ). Our results show that both similarities and differences exist in the effects NT4 and BDNF overexpression have on sensory structures. The Journal of Comparative Neurology. DOI 10.1002/cne Fig. 4 . Overexpression of NT4 enhances the size of the saphenous sensory nerve. NT4-OE mice (B) displayed larger saphenous nerves than wild type mice (A). C: Diameters of 150 randomly chosen myelinated axons per animal (n ϭ 3 for NT4-OE and n ϭ 3 for wild type) were plotted against the corresponding number of times the diameter was observed in NT4-OE mice (black bars) and wild type mice (white bars). The number of myelinated axons (Table 2 ) and axon diameter were increased in NT4-OE mice (C). D: Diameters of 200 randomly chosen DRG neurons per animal (n ϭ 3 for NT4-OE and n ϭ 3 for wild type) were plotted as described above for NT4-OE mice (black bars) and wild type mice (white bars).
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Although peripheral innervation to the skin was increased in NT4-OE and BDNF-OE mice, we detected no difference in the number of Merkel cells in glabrous skin of NT4-OE mice. Thus, only BDNF overexpression appears to influence glabrous Merkel cell number (Botchkarev et al., 1999; LeMaster et al., 1999) . This enhancement in glabrous Merkel cell number by BDNF is specific to these cells since Merkel cells of hairy skin respond to NT3 rather than BDNF (Airaksinen et al., 1996; Albers et al., 1996; LeMaster et al., 1999; Krimm et al., 2000 Krimm et al., , 2004 . The distinct neurotrophic requirements for different Merkel cell populations may be related to differences in the nerve-dependency of these populations (Mills et al., 1989) . Merkel cells of hairy skin are nerve-dependent, and NT3 may act primarily by influencing the slowly adapting type 1 neurons that innervate them (Krimm et al., 2004) . In contrast, glabrous Merkel cells are nerve-independent, and BDNF produced in the skin may exert a paracrine influence. It is unclear why NT4 overexpression cannot substitute for BDNF in this putatively nonneuronal mechanism of support for glabrous Merkel cells.
Enlargement of Meissner endings was observed in footpad skin of NT4-OE and BDNF-OE mice, suggesting that BDNF and NT4 function interchangeably to regulate the size and innervation pattern to Meissner endings. This finding is consistent with previous reports that Meissner corpuscles are dependent on trkB for their development (Ichikawa et al., 2000; Gonzalez-Martinez et al., 2004) . Interestingly, recent studies of NT4 and BDNF gene knockout mice showed that NT4 is not required for Meissner corpuscle development, although BDNF is necessary (Gonzalez-Martinez et al., 2005) . Thus, although NT4 can influence Meissner corpuscles via trkB, it is not essential for their development. NT4-OE mice also exhibit a substantial increase in myelinated innervation within dermal papilla of the footpad. While much of this increased innervation could be related to the enhanced Meissner complex, it may also reflect another, as yet undefined neural population. A subpopulation of sensory fibers in hairy skin that were influenced in a similar manner by both NT4 and BDNF were hair follicle afferents. Overexpression of both neurotrophins resulted in increased innervation to hair follicles in both whisker pad and back skin. While hair follicle innervation is not lost in the whisker pads of NT4 knockout mice Rice et al., 1998) , much of this increased innervation in NT4-OE mouse back skin may reflect increases in down hair receptors, which are lost in mice lacking NT4 . In situ hybridization was performed on wild type and NT4-OE dorsal root and trigeminal ganglia using 35 S-labeled riboprobes to either trkA, trkB, or trkC mRNA. Labeled and unlabeled neuron profiles were counted in 3 randomly selected sections per ganglia, and the diameters for each profile was also measured. An Abercrombie conversion factor was used to convert profile counts to neurons. Labeled neurons are expressed as the percent of total neurons. Statistical significance was determined using a t-test. Asterisk indicates significance. Overexpression of either BDNF or NT4 led to increased innervation to the skin without increasing the number of neurons in DRG or trigeminal ganglia. In contrast, BDNF and NT4 caused a marked increase in survival of neurons in placode-derived ganglia (geniculate and nodose; LeMaster et al., 1999; Krimm et al., 2001) . In this respect, skinderived BDNF and NT4 function in a similar manner, consistent with studies demonstrating that NT4 knocked into the BDNF locus rescues sensory neurons in BDNF gene null mice (Fan et al., 2000) . Despite these similarities in the regulation of sensory neuron number, only NT4 overexpression increased the number of myelinated fibers in the saphenous nerve. This difference suggests that these two trkB ligands increase innervation to skin via different mechanisms. That is, BDNF-mediated enhanced innervation to the skin may act locally, whereas NT4 enhancement may act by regulating sensory axon number at the level of the nerve.
Interestingly, the number of myelinated nerve fibers in the cutaneous saphenous nerve increased in NT4-OE mice, although the number of DRG neurons was unchanged. Similarly, mice lacking NT4 lose myelinated axons in the saphenous nerve without losing DRG neurons Liebl et al., 2000) . One possible explanation for this finding is that neuron precursors destined to become mechanoreceptors of the skin instead differentiated into proprioceptors innervating muscle in these mice (Liebl et al., 2000) . In NT4-OE mice, a reverse effect could have occurred such that DRG neurons differentiated into mechanoreceptors innervating the skin at the expense of muscle proprioceptors. Consistent with this possibility, NT4-OE mice had fewer TrkC-expressing neurons and more TrkB-expressing neurons than wild type mice. This finding suggested that NT4 overexpression converted TrkC-expressing proprioceptors into TrkBexpressing mechanoreceptors. To test this hypothesis, we examined whether increases in NT4 converted NT3-dependent proprioceptive neurons innervating muscle to mechanoreceptors innervating skin (Liebl et al., 2000) . If increased skin innervation was due to altered differentiation of NT3-dependent proprioceptors, fewer myelinated sensory fibers would innervate muscle. In fact, in the two sensory nerves examined that innervate muscle, the common peroneal and lateral gastrocnemius nerves, the number of myelinated nerve fibers was either increased or unchanged. Therefore, altered neuronal differentiation does not account for the increase in skin innervation in NT4-OE mice.
A more likely explanation for the incongruity between cell number and axon number is that NT4-OE increases the branching of myelinated nerve fibers. Increased nerve fiber branching in the DRG of NGF-OE mice has been visualized by intercellular injection of a neuronal tracer into individual DRG neurons (H. Richard Koerber, pers. commun.). Similarly, enhanced NT4 levels may induce branching in a DRG subpopulation, thereby resulting in an increase in myelinated nerve fibers in the saphenous nerve without changing DRG number. BDNF overexpression did not increase the number of myelinated nerve fibers in the saphenous nerve, suggesting that BDNF and NT4 function uniquely to influence neuron branching and morphologies of responsive DRG neurons. The differential effects of BDNF and NT4 on neuronal development have been observed in several sensory neuron populations. For example, the morphology of chorda tympani axons innervating taste buds is influenced by BDNF and NT4, but in very different manners. BDNF increases chorda tympani axon branching and promotes innervation of nongustatory filiform papillae (Lopez and Krimm, 2006) whereas NT4 increases fiber fasciculation and inhibits branching. In retinal ganglion neurons, BDNF promotes branching and complexity of terminal axonal arbors, while NT4 has little influence on the morphological development of these cells (Cohen-Cory and Fraser, 1995) . Finally, NT4 increases the length and complexity of basal dendrites in layer 4 cortical neurons, while BDNF influences the dendrites of layer 5 and 6 neurons (McAllister et al., 1995) . The findings described here echo observations of BDNF and NT4Јs divergent effects in other systems and extend them to the cutaneous system.
It should be mentioned that some of the observed differences between BDNF-OE and NT4-OE mice could be quantitative rather than qualitative. ELISA measurements of neurotrophin levels in dorsal back skin revealed a 4.3-fold increase in BDNF in BDNF-OE mice (LeMaster et al., 1999) , while NT4 levels are increased by 2.3-fold in NT4-OE mice. It is possible that NT4 levels are subthreshold for increasing glabrous Merkel cell number. On the other hand, since BDNF-OE mice express more robust levels of neurotrophin, the difference in neurotrophin levels cannot account for increased numbers of myelinated saphenous axons in NT4-OE mice compared to BDNF-OE mice. Therefore, while some of the differences described here may be due to quantitative differences in neurotrophin levels, some of the differences must be qualitative.
That BDNF and NT4 have overlapping and distinct effects suggests complex signaling regulation following trkB activation. Binding of BDNF to trkB may result in receptor configurations different than those following NT4 binding leading to the activation BDNF-specific intracellular signaling pathways. Consistent with this hypothesis, a point mutation of the Shc adapter binding site in trkB produced a phenotype similar to that found in mice lacking NT4 (Minichiello et al., 1998) . Thus, NT4 signaling may be more dependent on Shc binding than BDNF, which is known to use a combination of binding sites (Minichiello et al., 2002; Medina et al., 2004) . Alternative splicing of the trkB locus may also underlie differential activation by NT4 and BDNF. Full-length trkB and truncated trkB are known to differentially regulate den- dritic morphologies of cortical neurons (Yacoubian and Lo, 2000) . In summary, NT4 overexpression increases sensory innervation to dermal papillae of the footpad, Meissner corpuscle size, and hair follicle innervation. Unlike BDNF overexpression, NT4 overexpression did not affect footpad Merkel cell number and innervation. As in BDNF-OE mice, NT4-OE mice displayed an increase in skin innervation without changing the number of sensory neurons. Also unlike BDNF-OE mice, myelinated nerve fibers within the saphenous nerve were increased as a result of NT4 overexpression. These results suggest that enhanced levels of NT4 modulate sensory neuron branching within the nerve in contrast to BDNF, which influences branching primarily in the skin.
